A new cultivation method was successfully applied for the in vitro isolation of a hitherto uncultured spiral Helicobacter species associated with ulceration of the non-glandular stomach and gastritis in pigs and formerly described as 'Candidatus Helicobacter suis'. Three isolates, HS1 T , HS2 and HS3, were subcultured from the stomach mucosa of three pigs after slaughter and were analysed using a polyphasic taxonomic approach. The novel isolates grew on biphasic culture plates or very moist agar bases in microaerobic conditions and exhibited urease, oxidase and catalase activities. Sequencing of the 16S rRNA gene, the 23S rRNA gene, the partial hsp60 gene and partial ureAB genes confirmed that the strains present in the gastric mucosa of pigs constituted a separate taxon, corresponding to 'Helicobacter heilmannii' type 1 strains as detected in the gastric mucosa of humans and other primates. For all genes sequenced, the highest sequence similarities were obtained with Helicobacter felis, Helicobacter bizzozeronii and Helicobacter salomonis, Helicobacter species isolated from the gastric mucosa of dogs and cats, which have also been detected in the human gastric mucosa and which are commonly referred to as 'Helicobacter heilmannii' type 2. SDS-PAGE of whole-cell proteins of strains HS1 T , HS2 and HS3 differentiated them from other Helicobacter species of gastric origin. The results of the polyphasic taxonomic analysis confirmed that the novel isolates constitute a novel taxon corresponding to 'Helicobacter heilmannii' type 1 strains from humans and to 'Candidatus H. suis' from pigs. The name Helicobacter suis sp. nov. is proposed for the novel isolates with the type strain HS1 T (5LMG 23995
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The presence of tightly coiled spiral bacteria in the stomachs of pigs was first described by Mendes et al. (1990) and Queiroz et al. (1990) and these microorganisms were provisionally named 'Gastrospirillum suis'. To date, all attempts to cultivate these bacteria in the laboratory have been unsuccessful Choi et al., 2001; Grasso et al., 1996; Mendes et al., 1991; Park et al., 2000; Queiroz et al., 1990; Roosendaal et al., 2000; Utriainen & Hänninen, 1998) . After direct PCR on tissue samples from pig stomachs, the 16S rRNA gene of this bacterium was sequenced, revealing that it belonged to the genus Helicobacter. The 16S rRNA gene sequences obtained from different pig stomachs showed an intersequence similarity of 99.7 %, indicating that these bacteria constituted a single taxon, described as 'Candidatus Helicobacter suis ' (De Groote et al., 1999) . In countries all over the world, the prevalence rates of helicobacters in the stomachs of pigs at the age of slaughter range from 8 % to 95 %, but most studies report prevalence rates of 60 % or more (Barbosa et al., 1995; Cantet et al., 1999; Choi et al., 2001; De Groote et al., 2000; Grasso et al., 1996; Melnichouk et al., 1999; Mendes et al., 1991; Park et al., 2000 Park et al., , 2004 Queiroz et al., 1990 Queiroz et al., , 1996 Roosendaal et al., 2000; Utriainen & Hänninen, 1998) .
In humans, the most common and best known gastric Helicobacter species is Helicobacter pylori, colonizing half of the world's population. In 0.2-0.6 % of human gastric biopsies however, a more tightly coiled spiral bacterium has been detected, provisionally named 'Helicobacter heilmannii' (Solnick et al., 1993) . Sequencing analysis of 16S rRNA genes detected in 'Helicobacter heilmannii'-positive human gastric biopsies revealed the presence of two sequence types, differing in about 3 % of the 16S rRNA gene sequence. Partial sequencing of the ureAB genes revealed more than 97 % gene sequence similarity between 'H. heilmannii' type 1 and 'Candidatus H. suis' and led to the conclusion that they represent the same species (O'Rourke et al., 2004b Apart from the stomachs of pigs and humans, 'Candidatus H. suis' has also been detected in the stomachs of macaques and mandrill monkeys (O'Rourke et al., 2004b) , as shown by the 16S rRNA and urease genes.
Infection with 'H. heilmannii' in humans has been associated with gastritis, gastric ulceration and gastric lymphoma (Goddard et al., 1997; Morgner et al., 1995; Singhal & Sepulveda, 2005) . It is unclear whether these pathologies are equally severe and prevalent with the type 1 as with the type 2 strains.
In its main host, the pig, 'Candidatus H. suis' has been associated with ulceration of the non-glandular stomach (Barbosa et al., 1995; Choi et al., 2001; Queiroz et al., 1996; Roosendaal et al., 2000) and with gastritis (Hellemans et al., 2007; Mendes et al., 1991; Park et al., 2000 Park et al., , 2004 Queiroz et al., 1996) . Ulceration of the porcine gastric non-glandular mucosa has been associated with sudden death, decreased feed intake and a decrease in daily weight gain (Ayles et al., 1996) . 'Candidatus H. suis'-like bacteria originating from humans and primates have been propagated in mice for up to 28 months (O'Rourke et al., 2004a, b) and in recent studies concerning the antibiotic resistance of this bacterium and the effect of vaccination against 'Candidatus H. suis' infection, the bacteria were isolated in vivo by inoculation of mice with homogenized mucus from a 'Candidatus H. suis'-positive pig stomach (Hellemans et al., 2005 (Hellemans et al., , 2006 .
The impact on pig health, the economic losses for the pork industry and the zoonotic significance of this Helicobacter species justify the need for research on this emerging pathogen. However, current investigations are hampered tremendously by the lack of pure cultures of 'Candidatus H. suis'. In this study, we describe the successful isolation of this bacterium in vitro and the characterization of this species using a polyphasic taxonomic approach.
Five sow stomachs were collected from a slaughterhouse, brought immediately to the laboratory and stored at +4 u C until further use. The stomachs were opened one at a time at the curvatura major and rinsed with tap water. One half of the stomach was discarded and the other half was subjected to acid treatment (submersion in a 1 % HCl bath) for 1 h (Gruntar et al., 2003) . The mucus was then scraped off using a glass slide and collected in a sterile tube.
The mucus was slightly liquefied with Brucella broth supplemented with 20 % fetal calf serum and inoculated on Brucella agar (Oxoid) containing 20 % (v/v) fetal calf serum, 5 mg l 21 amphotericin B (Fungizone; Bristol-Myers Squibb), Campylobacter-selective supplement (Skirrow, Oxoid; containing 10 mg l 21 vancomycin, 5 mg l 21 trimethoprim lactate and 2500 U l 21 polymyxin B), Vitox supplement (Oxoid), 0.1 % activated charcoal and HCl (min. 37 %) to obtain a pH of 5. Plates were incubated with the lids uppermost at 37 u C under humidified microaerobic conditions in a closed circuit created by evacuating 80 % of the normal atmosphere and introducing a gas mixture of 8 % CO 2 , 8 % H 2 and 84 % N 2 .
Plates were checked every two days and Brucella broth supplemented with 20 % fetal calf serum was added to the agar surface to ensure that the plates would not dry out. In plates inoculated with mucus from three different stomachs, primary growth occurred after 7 days incubation in the broth covering the agar medium. Light microscope examination of the broth revealed the presence of spiralshaped motile cells. Gram staining revealed a negative Gram reaction and the helical shape of the isolates, which were designated strains HS1 T , HS2 and HS3. Bacterial growth of subcultures occurred as a spreading layer on moist agar plates. Cells were harvested in Brucella broth and stored at 270 u C in a medium consisting of 7.5 g glucose, 25 ml Brucella broth and 75 ml sterile inactivated horse serum.
In contrast to earlier attempts to isolate 'Ca. H. suis', we used 20 % serum in the media at a pH of 5. Activated charcoal was also added to the medium to remove toxic compounds present in the bacterial cultures, this has been shown to enhance the growth of several Helicobacter spp. (Taneera et al., 2002) . The acid treatment of the stomach was probably important in order to kill most of the other microorganisms before inoculation. Because the mucus from half the stomach was scraped off, the inoculum contained more 'Ca. H. suis' bacteria than when using only a small tissue sample. A large inoculum was necessary to obtain primary cultures as well as for passaging subcultures.
Genomic DNA of isolates HS1 T , HS2 and HS3 was extracted using the DNeasy tissue kit (Qiagen) according to the manufacturer's instructions. The novel isolates were identified by using a 'Ca. H. suis'-specific PCR, amplifying a 433 bp fragment of the 16S rRNA gene (De Groote et al., 1999) .
The almost entire sequence of the 16S rRNA gene was determined after amplification using the commercially available Qiagen Taq Mastermix, to which primers ab-NOT (59-TCAAACTAGGACCGAGTC-39) and vMB (59-TACCTTGTTACTTCACCCCA-39) were added at a concentration of 0.2 mM. The PCR products were sequenced using the BigDye Terminator sequencing kit (Applied Biosystems) and primers pD, Gamma*, 3 and O* (Coenye et al., 1999) , as previously described (Baele et al., 2001 ). Sequences were determined on an automatic DNA sequencer (ABI Prism 3100 Genetic Analyzer; Applied Biosystems). The electropherograms were exported and converted to KODON software (Applied Maths). The sequences were compared with the NCBI GenBank by using the BLAST search tool. Phylogenetic analysis was performed using KODON software after including the consensus sequence in an alignment of small ribosomal subunit sequences collected from GenBank. Multiple alignment was calculated using an open gap penalty of 100 % and a unit gap penalty of 0 %. A phylogenetic tree was constructed using the neighbour-joining method and is shown in Fig. 1 Fragments of ureA and ureB genes, including the spacer region, were amplified using primers U430F and U1735R (resulting in a 1224 bp amplicon; O'Rourke et al., 2004b) and using Platinum Taq polymerase. DNA was added in a tenfold dilution. Cycling conditions were slightly modified: initial denaturation at 94 u C for 3 min, 35 cycles of amplification (94 u C for 10 s, 55 u C for 30 s and 72 u C for 1 min), followed by 72 u C for 5 min. The amplicons were sequenced using the same primers as for PCR. Multiple alignment was calculated using an open gap penalty of 100 % and a unit gap penalty of 0 %. A phylogenetic tree was constructed using the neighbour-joining method and is shown in Fig. 2 were the species belonging to the former 'H. heilmannii' type 2 group, namely 'Ca. H. heilmannii' and H. bizzozeronii (about 82 % similarity), H. felis (about 79 % similarity), H. salomonis and H. baculiformis (about 78 % similarity) and H. cynogastricus (about 77 % similarity).
The 23S rRNA genes of isolates HS1
T and HS2 were amplified using primers O68 and M89, as described previously (Dewhirst et al., 2005) , but with 35 PCR cycles instead of 30. Amplicons were sequenced by using the full set of 20 primers. The sequences were compared to the NCBI GenBank using the BLAST search tool. A phylogenetic tree was constructed as described above and is shown in Fig. 3 . The distance matrix is available in IJSEM Online as Supplementary Table S3. A partial gene fragment of the 60 kDa heat shock protein (HSP60) gene of strain HS1
T was sequenced after amplification using primers H60F and H60R as described by Mikkonen et al. (2004) . After multiple alignment with an open gap penalty of 100 % and a unit gap penalty of 0 %, a phylogenetic tree was constructed using the neighbour joining method and is shown in Fig. 4 
PAGE of whole-cell proteins of strains HS1
T , HS2 and HS3 was performed in order to further establish their relationships with other cultured species of the genus Helicobacter. For optimal growth, strains were grown on Brucella agar supplemented with 20 % fetal calf serum and adjusted to pH 5, and incubated at 37 u C in a microaerobic atmosphere as described above. A whole-cell protein extract was prepared and SDS-PAGE was performed as described previously (Pot et al., 1994) . Whole-cell protein profiles of H. bizzozeronii, H. salomonis, H. felis and H. cynogastricus reference strains and of type and reference strains of other Helicobacter species were available from previous studies (Jalava et al., 1998 (Jalava et al., , 2001 Van den Bulck et al., 2006) . The densitometric analysis, normalization and interpolation of the protein profiles and numerical analysis were performed using the GELCOMPAR software package version 4.2 (Applied Maths). The similarity between all pairs of traces was Previous studies have demonstrated that the effect of the medium composition on the protein profile of the nutritionally limited helicobacters is minimal (Owen et al., 1989) . This was confirmed in the present study by the examination of several strains after growth on MuellerHinton agar (our standard conditions for protein electrophoresis) and on Brucella agar supplemented with 20 % fetal calf serum. The protein profiles of the H. cynogastricus type strain obtained after cultivation on the two different media is shown in Fig. 5 : the profiles exhibited a similarity level of 94.6 %. As shown in Fig. 5 , the whole-cell protein profiles of strains HS1 T , HS2 and HS3 were very similar (similarity .90.6 %) and were clearly differentiated from those of their closest cultivated relatives.
Genomic fingerprinting of isolates HS1
T , HS2 and HS3 was performed by amplified fragment length polymorphism (AFLP) as described previously (Ceelen et al., 2006 ). An aliquot containing 200 ng DNA, determined by optical density (260/280 nm) measurement by using the Spectra Fluor (TECAN), was digested for 2 h at 37 u C with BglII (10 U ml 21 ) and Csp6I (10 U ml 21 ) (MBI Fermentas) in TAC buffer as described by Vos et al. (1995) . A 5 ml sample of DNA digest was used in a ligation reaction containing 130 mg ml
21
BglII adaptor-oligonucleotide and 13 mg ml 21 Csp6I adaptor-oligonucleotide (Invitrogen Life Technologies) (Vos et al., 1995) , 106T4 DNA ligase buffer, T4 DNA ligase (1 U ml 21 ) (Amersham Pharmacia Biotech) and TAC buffer in a final volume of 20 ml. After incubation for 2 h at 25 u C, the 20 ml ligation reaction was diluted 25 times. A 5 ml sample of the diluted ligation reaction was used in the PCR assay. The primers used in this assay were BGL2F-0, 59-GAGTACACTGTCGATCT-39 (FAM labelled, 59-end) and CSP6I-A, 59-GAGCTCTCCAGTACTACA-39 (Kokotovic & On, 1999) . The PCR conditions were as follows: an initial denaturation at 94 u C for 3 min; 35 cycles of denaturation at 94 u C for 1 min, annealing at 54 u C for 1 min, and elongation at 72 u C for 90 s; and a final elongation at 72 u C for 10 min.
PCR products were run on the ABI Prism 3100 Genetic Analyzer (Applied Biosystems) by using the Fragile X Rox-1000 size standard and 50 cm capillaries filled with performance-optimized-polymer 6. Electropherograms were analysed with GENEMAPPER U 3.5 Software (Applied Biosystems).
Isolates HS1
T , HS2 and HS3 displayed distinctive AFLP patterns, indicating different clonal origins.
The morphology of strain HS1
T , HS2 and HS3 was studied by means of transmission electron microscopy (TEM). For these examinations, bacterial cultures were treated by negative staining (Houf et al., 2005) . Samples were block stained with 2 % (w/v) uranyl acetate in distilled water and dehydrated in ethanol. They were embedded in EponSpurr's (1 : 1) medium. Isolates HS1
T , HS2 and HS3 presented tightly coiled spiral cells with up to six turns, that were approximately 2.3-6.7 mm long and approximately 0.9-1.2 mm wide (Fig. 6) . The length and width were highly variable depending on their state of contraction. Periplasmic fibrils were not observed. In older cultures, coccoid cells predominated. Tufts of 4 to 10 sheathed flagella were seen at both ends of the cells. The flagella were blunt-ended and some ended in a spherical knob that was twice the mean diameter of the flagellar body.
Biochemical and tolerance tests were carried out according to the recommendations of Dewhirst et al. (2000) . Growth of strain HS1
T was examined on Brucella agar supplemented with 20 % fetal calf serum, Vitox and Skirrow supplements, amphotericin B and HCl to a pH of 5, at 25, 37 and 42 u C under microaerobic conditions and at 37 u C under aerobic, microaerobic and anaerobic conditions. Tolerance to 1 % bile, 1 % glycine and 1.5 % NaCl was determined on Brucella agar with the same supplements as above. Growth was tested on BHI agar, Brucella agar and Mueller-Hinton agar, supplemented with 20 % fetal calf serum or 10 % defibrinated horse blood, Vitox and Skirrow supplements, amphotericin B and HCl to a pH of 5. All media were incubated for 7 days in a microaerobic atmosphere at 37 u C. The isolates were examined for catalase activity by adding a 3 % H 2 O 2 solution and observing the reaction within 5 s. Oxidase activity was determined with Bactident Oxidase strips (Merck). The API Campy identification system (bioMérieux) was used to study the following characteristics: urease activity, reduction of nitrate, esterase activity, hydrolysis of hippurate, c-glutamyltransferase activity, reduction of triphenyl-tetrazoliumchloride (TTC), alkaline phosphatase activity and pyrrolidonyl, L-arginine and Laspartate arylamidase activities. Tests were read after 24 h incubation at 37 u C in an aerobic atmosphere. Indoxyl acetate hydrolysis was determined as previously described by Mills & Gherna (1987) . Growth in the presence of Table 1 .
The established value of the ureAB gene sequences, the 23S rRNA gene sequences and protein electrophoresis within the genus Helicobacter (Dewhirst et al., 2005; Jalava et al., 1998 Jalava et al., , 2001 O'Rourke et al., 2004b; Vandamme et al., 2000) is sufficient to demonstrate that strains HS1 T , HS2 and HS3 represent a novel species within the phylogenetic lineage thus far consisting of H. felis, H. bizzozeronii, H. salomonis, H. cynogastricus, H. baculiformis and 'Ca. H. heilmannii'. This is further supported by the results obtained by 16S rRNA and hsp60 gene sequence analysis and biochemical and morphological data.
Description of Helicobacter suis sp. nov.
Helicobacter suis (su9is. L. n. sus pig; L. gen. n. suis of the pig).
Cells are tightly coiled spirals with up to six turns, that are approximately 2.3-6.7 mm long and approximately 0.9-1.2 mm wide. Periplasmic fibrils are not observed. In older cultures, coccoid cells predominate. Cells are Gramnegative and non-sporulating. They are motile by means of tufts of 4 to 10 sheathed flagella at both ends of the cells.
The flagella are blunt-ended and some end in a spherical knob that is twice the mean diameter of the flagellar body. Grows on BHI agar, Brucella agar and on Mueller-Hinton agar supplemented with 20 % fetal calf serum or with 10 % defibrinated horse blood. Grows in micro-aerophilic conditions, but not in a 5 % CO 2 -supplemented atmosphere; weak growth is seen after anaerobic incubation. Grows at 37 u C, but not at 25 u C or 42 u C. No growth on media supplemented with 1.5 % NaCl, 1 % glycine, 1 % ox bile or 5 mg ml 21 metronidazole. Oxidase-, catalase-and urease-positive. Reduces TTC and esterase; c-glutamyl transferase, L-arginine arylamidase and alkaline phosphatase activities are present. Hippurate and indoxyl acetate are not hydrolysed, nitrate is not reduced. Activity of pyrrolidonyl arylamidase and L-aspartate arylamidase is not detected. H. suis is associated with ulceration of the non-glandular stomach and gastritis in pigs.
The type strain, HS1
T (5LMG 23995 T 5DSM 19735 T ), was isolated from the gastric mucosa of a pig. Baele et al. (2008) , Hänninen et al. (1996) , Jalava et al. (1997) , Lee et al. (1988) , Van den Bulck et al. (2006 
